This paper reviews the main findings and policy implications of 50 years of research conducted by INCAP on growth and development. Topical areas reviewed include a) maternal size and birthweight and the causes of intrauterine growth retardation (IUGR), b) patterns and causes of postnatal growth retardation, c) the relative importance of genetics and the environment in explaining differences in growth among populations, d) the implications of being small, for both children and adults, e) bone growth and maturation and dental development, f) menarche, and g) methodological contributions such as anthropometric reference data, quality control of data collection, development of risk indicators and use of anthropometry in nutrition surveillance systems. Key contributions to knowledge by INCAP include a) characterization of growth failure and maturational delays as mainly occurring during the intrauterine period and the first 3 years of life b) clarification of the role of small maternal size and of inadequate dietary intakes during pregnancy as major causes of intrauterine growth failure, c) evidence that diarrheal diseases and poor dietary intakes are the principal causes of growth failure in early childhood, d) demonstration that environmental factors related to poverty, and not genetic or racial ancestry, account for most of the differences in growth between populations, e) evidence that growth failure predicts functional impairment in the child as well as in the adult and f) demonstration that nutrition interventions are effective in preventing growth failure and its consequences, if targeted to needy women and young children. INCAP's work has contributed knowledge that has informed and improved policies and programs aimed at overcoming maternal and child undernutrition and promoting optimal growth and development.
Introduction
Field research carried out by the Institute of Nutrition of Central America and Panama (INCAP) in its early years was concentrated in the picturesque highlands to the northwest of its center of operations in Guatemala City. Two striking features distinguish, even today, the Mayan inhabitants of this region: the colorful textiles worn by the women and the short stature of adults and children, among the shortest in the world. It is clear from the earliest papers about physical growth that the diminutive size of these and other groups in Central America was believed to result, not from genetic causes, but rather, from the effect of inadequate diets and high rates of infection on child growth. Soon after its founding in 1949, INCAP launched projects to document and quantify these expectations. It recognized early on the usefulness of anthropometric indicators as practical tools for evaluating the nutritional and health status of populations and for assessing the effectiveness of community interventions. As a result of this recognition, most of INCAP's field studies have included anthropometry, and the analyses of these data have led to substantial contributions to the field of growth and development.
This is a summary of INCAP's legacy of research and methodological contributions to the subject of physical growth and development. The presentation is divided into several sections. Studies of maternal size and birthweight and the causes of intrauterine growth retardation (IUGR) are reviewed first. Patterns and causes of postnatal growth retardation are reviewed next. A discussion of INCAP's contributions to the debate about the relative importance of genetics and the environment in explaining differences in growth among populations follows. Research on the implications of being small, for both children and adults, is then summarized. The many contributions of INCAP to knowledge about bone growth and maturation and dental development are reviewed subsequently. Although most of INCAP's research has focused on mothers and children, some work has been carried out in adolescents in regard to menarche, and this is also reviewed. The next section is a summary of the methodological contributions made by INCAP, including those relating to anthropometric reference data, quality control of data collection, development of risk indicators, and use of anthropometry in nutrition surveillance systems. The final section is an overview of INCAP's key scientific contributions to knowledge of growth and development, with a discussion of the program and policy implications of this body of work.
The literature selected for review is primarily that written by INCAP authors between 1949 and 1999 and based on analyses of data collected in Central America. Jointly authored publications resulting from INCAP's long history of collaboration with academic and research institutions from around the world are also included. INCAP's contributions come largely from three field settings: the Three-Village Field Study , the Santa María Cauqué Study , and the INCAP Oriente Longitudinal Study and its Follow-Up Study . INCAP has generously permitted use of its data by many investigators and students, but the publications resulting from these efforts are not included here unless INCAP personnel were involved in writing them. Finally, reference to non-INCAP works is made occasionally to place the findings in context.
the malnourished newborn
The cohort study of over 400 pregnancies that Leonardo Mata and colleagues carried out in the Mayan village of Santa María Cauqué has given the world one of the most colorful and detailed descriptions of the malnourished newborn and its mother [1] . The average mother was 143.1 cm (4 feet, 8 inches) tall and weighed 53 kg (116 pounds) and gained only 6.8 kg (15 pounds) during pregnancy. Over 97% of pregnancies resulted in a live birth. Average weight and length at birth were very low, 2,553 g and 45.6 cm, respectively. Most women delivered kneeling. Delivery usually lasted about 4 hours and took place in the home, assisted by a midwife, using practices that often exposed the infant to maternal fecal matter. This exposure probably led to infections at birth, but surprisingly, clinical manifestations of infection were not observed. The interaction between mother and newborn was close and intense, both physically and behaviorally, and further contributed to biologic colonization of the newborn's skin and gut by indigenous flora. Breastfeeding was universal and greatly ameliorated the response to infections, many of which were asymptomatic in the neonate; in this way, breastfeeding eased the introduction of the child into a hostile microbiologic world.
One of the most significant contributions of the Santa María Cauqué Study was the characterization of newborns by weight and gestational age [1] . Using the criterion of less than 2.5 kg, 41.6% of 415 newborns were classified as low birthweight (LBW). On the basis of gestational age, it was found that 7.2% of all newborns were premature (< 37 weeks) and that 34.4% were term but LBW; the latter are commonly known as intrauterine growth-retarded (IUGR) newborns. Thus, about 83% of all LBW cases were IUGR rather than premature. Generalization from these observations, from data from other developing countries, and from INCAP publications [2, 3] suggests that, when the prevalence of LBW is about 6%, as in many developed countries, around 70% of LBW babies are preterm and the remaining 30% are term babies. However, in the developing world, where the estimated prevalence of LBW was 19% in 1979 [4] , the percentages are reversed: 30% of LBW babies are preterm and 70% are term [2] .
In other parts of Guatemala, such as in the Ladino or Spanish-speaking area, the situation at birth was somewhat better, but there was still considerable IUGR. In four villages of eastern Guatemala, in which the former INCAP Division of Human Development concentrated its work [5] , the average maternal height was 149 cm, prepregnant weight was 49 kg, and pregnancy weight gain was about 7 kg [6] . The average birthweight was 2,994 g, and the prevalence of low birthweight was 19% among women receiving low amounts of supplement [6] . The median length of the newborn at 15 days was near the 16th percentile of the National Center for Health Statistics/World Health Organization (NCHS/ WHO) reference curves, indicating that newborns began life already short [7] .
Causes of IuGR
Why is it that babies are born so small in Guatemala?
The study of Santa María Cauqué provides examples of the factors uncovered through INCAP's research. Duration of pregnancy was the most important positive predictor of newborn size, but this may have been a mechanism through which other factors, such as maternal diet, influenced birthweight [1] . Other powerful influences were maternal size, illness during pregnancy, birth interval, and parity. The high prevalence of elevated IgM levels in cord blood, indicative of fetal antigenic stimulation, suggested an important role for infection as a cause of IUGR.
One of the best-known demonstrations that poor dietary intake is an important cause of IUGR was provided by the food supplementation experiment conducted by the INCAP Division of Human Development from 1969 to 1977, referred to below as the INCAP Longitudinal Study [6, 8] . Among newborns of mothers who received more than 20,000 kcal during pregnancy (one-third to one-fourth of the total estimated cost of pregnancy), the proportion with LBW was 9%, as compared with 19% among newborns of mothers who received less than this amount [6] . Placental weights were 11% lighter in the women receiving less than 20,000 kcal during pregnancy [9] . Interestingly, the impact of supplementation was greatest on women who apparently needed it the most, namely, shorter women, those with small head circumferences, and women of low socioeconomic status (SES) [10] . Also, the effects on birthweight were much greater when there was high supplementation during two consecutive pregnancies and throughout the intervening lactation periods, with mean birthweights rising to 3,290 g in such cases, a value close to that observed in developed countries [11] .
Cooking in Guatemalan villages is commonly done over an open fire inside the home, so that indoor pollution is a serious problem [12] . Cooking smoke was, therefore, another possible cause of IUGR [13] , but the definitive studies to test this hypothesis have not been carried out.
Patterns of postnatal growth retardation
Work by INCAP has shown that the small size of mothers is an important determinant of the small size of newborns. But how do women, or men for that matter, become short in Guatemala and elsewhere in Central America? INCAP's research showed that they become short adults by being born small and by growing poorly in early childhood.
Identification of growth retardation as an expression of problems intimately related to the weaning process, that is, to the transitional period of life in traditional societies between full breastfeeding in the first few months following birth and full dependence on the home diet around the second or third year of life, has been stressed repeatedly over the years in INCAP's publications. Growth rates in Mayan children appeared surprisingly adequate in the first few months of life, and it was not until about the fourth month of life that the average growth trajectory began to depart markedly from normal [14] . The accumulated growth difference reached a maximum, according to Cravioto and Béhar [14] , by 18 to 24 months. Other INCAP authors described the same pattern [7, [15] [16] [17] [18] .
According to data collected on coffee plantations near the town of Patulul in the Guatemalan highlands, average length-for-age z-scores were −1.1 at 3 months of age, much of this accumulated retardation being prenatal in origin, and reached a nadir of −2.6 at 21 months of age [15] . Also characteristic of Guatemalan children was that weight-for-length values in the first few months of life were greater than those in a wellnourished reference population, and although they decreased somewhat as the children aged, values were generally similar to those in the reference population [15, 18] .
Other authors found that retardation starts soon after birth in sample populations of Guatemalan children. Among children who were born with adequate birthweight (≥ 2,500 g) but who were underweight at 3 years of age (> 2 SD below the reference median), 77% of the deficit in weight at 3 years was present by 1 year of age [19] . The specific contributions to the deficit from each of the 3-month periods in infancy were as follows: 0-3 months, 19%; 3-6 months, 19%; 6-9 months, 25%; and 9-12 months, 15%.
These findings suggest that among children who have adequate prenatal growth but who end up being underweight at 3 years, growth failure starts very early. These patterns of early growth retardation may be masked when the entire population of children is examined. For example, LBW babies, particularly those born thin, tend to grow more rapidly in early infancy than those born with adequate birthweight [3] .
The INCAP Division of Human Development published several papers describing growth patterns of Ladino Guatemalan children, including papers on height and weight [18] , skinfold thicknesses [20] , head and chest circumferences [21] , and arm circumference [22] . An interesting observation was the close relationship between length and head circumference below 2 years of age and the increasing disassociation thereafter, as significant growth continues to take place in length but not in head circumference. This suggests that head circumference in older individuals may be an indicator of failure to grow in early childhood [21] .
Many INCAP authors have considered whether the growth retardation of early childhood is recovered subsequently through catch-up or compensatory growth. During rehabilitation from kwashiorkor, children initially grow two or three times faster than normal, but only briefly, and the initial difference in size with respect to reference children is not appreciably diminished [14] . Cravioto and Béhar [14] emphasized that "growth potential" cannot be accelerated or retarded as if it were a "chemical process in which the end product is always the same. " They reasoned that if the potential for growth is not fully utilized at every age, full development will not be achieved.
The fact that rates of growth in length after about 3 years of age are generally similar in poor societies to those observed in well-nourished populations is poorly understood by many. The use of classifications based on achieved size, such as the Gómez Scale [23] , combined with a tendency to equate small size with "malnutrition, " has generated much confusion. Thus, when schoolchildren are measured, the interpretation is sometimes made that their small size means that they are malnourished. Based on INCAP's work, the small size of schoolchildren should rather be viewed, in most instances, as a reflection of early growth failure. Only documentation of reduced growth velocities or low weight-for-height should be taken as evidence of possible current nutritional problems in older children.
A follow-up to the INCAP Oriente Longitudinal Study, referred to here as the "Follow-Up Study, " confirmed what was long suggested by cross-sectional data: that the short stature characteristic of adults in Guatemala is overwhelmingly due to growth retardation during intrauterine life and early childhood. Growth in height from 3 years to adulthood was greater by about 4 cm among Guatemalan subjects than among US subjects of Mexican origin. This small degree of catch-up in growth may be due to delayed maturation, and thus a longer period of growth, in Guatemala [7] .
Interestingly, growth after 3 years was unrelated to the degree of growth retardation at 3 years of age among subjects in the INCAP Oriente Longitudinal Study [24, 25] . INCAP studies suggest that only a small portion of the growth retardation incurred during gestation and early childhood is recuperated later if the affected subjects remain in their places of origin. Improvements in living conditions in school-age children, such as admission to a well-run orphanage, result in greater catch-up in growth, but in spite of this, the subjects remain small [26] .
Causes of postnatal growth retardation
Research by INCAP was at the forefront of establishing that infections are one of the primary causes of poor growth. The convincing elegance of curves prepared by Mata [1] , in which the growth trajectory and detailed records of infection are depicted for selected individual children, suggests that a child generally grows well when free from infections and poorly when not. Statistical demonstration that infections retard growth proved difficult, however, perhaps because many children in the INCAP studies were asymptomatically ill, leading to misclassification of healthy and ill children and obfuscation of differences between these two groups.
Studies of the effect of the antibiotics penicillin and Aureomycin on the growth of children 6 to 12 years of age [16, 27] showed a small transient positive effect of Aureomycin on growth in height and weight, but the effects of antibiotics in suppressing pathogenic organisms wore off as the flora adapted. The fact that the children in the sample were of school age and were possibly growing normally may have been a factor in explaining the small effects found. Later investigations on whether illness histories (i.e., number of days of illness from diarrheal diseases, respiratory illnesses, and all illnesses) in Mayan children less than 2 years of age were related to growth failed to find a significant association [28] . However, data from the INCAP Oriente Longitudinal Study [29, 30] showed that diarrheal diseases, but not respiratory infections, were related to growth in weight and length in children under 7 years of age.
A controlled trial of vitamin B 12 administration to preschool and school-age children found no effect on physical growth [31] . The role of diet as a cause of poor growth has been clarified through nutrition intervention studies. The Three-Village Study (1959-64), reviewed elsewhere in this volume [27] , compared the growth of preschool children in a village receiving food supplements with that of children in a village receiving medical care or in a control village. The authors estimated a net difference of approximately 3 cm in height and 1 kg in weight by the end of the fifth year between children in the village receiving supplements and children in the other two villages. The feeding results were significant, even though consumption of the supplements was quite variable. Head circumference also increased significantly more in the feedingprogram village [28] .
The INCAP Oriente Longitudinal Study (1969 -77), conducted in eastern Guatemala, involved two villages that received a rich protein-energy supplement (Atole) and two that received a low-energy drink (Fresco); both the Atole and Fresco were supplemented with vitamins and minerals. This study confirmed that improving the diets of children results in better growth, although it could not establish whether the benefit resulted from protein, energy, specific micronutrients, or some combination of these [32] . This four-village study had a robust and multifaceted analytic approach, and the clarity of its results remains unparalleled among feeding intervention trials [33] . Analyses have shown that consumption of Atole, the high-protein-energy drink, improved growth only in the first 3 years of life, when children in the communities were in fact growing poorly [34] . At 3 years of age, children who grew up drinking Atole were about 3 cm taller and 0.7 kg heavier than children measured at baseline, whereas the values for children given Fresco were not different from baseline values [32] . The prevalence of children with very short stature, that is, more than 3 SD below the NCHS reference median, declined from about 45% at 3 years of age at baseline to about 20% at the end of the study in the Atole villages; in the Fresco villages, which received medical care as did the Atole villages, the prevalence of short stature remained around 45% throughout the study [35] .
Evidence for interactive effects between diarrhea and supplementation were found [36] . The percentage of time ill with diarrhea was significantly related to reduced growth, but only in the Fresco villages, suggesting that supplementation erased the negative effects of diarrhea in the Atole villages. However, children in the villages receiving Atole were as frequently ill with diarrhea as those in the villages receiving Fresco, implying that efforts to address correcting malnutrition must include improvements in environmental sanitation and specifically in the control of diarrheal diseases, in addition to improving feeding practices and nutrient intakes. Follow-up data indicated that the effects of Atole consumption on growth were still evident at adolescence, although there was some attenuation of the effect [37, 38] .
The role of micronutrients in growth and development is becoming increasingly clear. In a double-blind intervention trial, investigators showed that zinc supplementation of infants 6 to 9 months of age reduced the incidence of diarrhea by 22% [39] but had only a modest effect on growth [40] . Supplemented infants had greater gains in arm muscle area but did not differ in growth and length when compared with infants receiving a placebo. However, there was a significant interaction between treatment and attained length at the beginning of the study. Supplemented children who were stunted (more than 2 SD below the reference median) at the beginning of the study gained 1.4 cm more in length than children who received the placebo [40] . The Atole provided in the INCAP Oriente Longitudinal Study was primarily composed of Incaparina, a vegetable protein mixture developed by INCAP, with some dry skim milk and sugar added. The main ingredient in Incaparina at that time was cottonseed flour, and, as formulated, the Atole was a poor source of zinc. Later work [39, 40] suggests that if the Atole had been a good source of zinc, like today's fortified Incaparina, it might have improved physical growth to a greater extent than it did and even reduced diarrheal diseases.
The possible effect of physical activity on growth has never received much attention. However, a series of small but provocative studies in both rats and children [41] suggests that moderate levels of physical activity stimulate growth rates, perhaps by improving the efficiency of food utilization.
Nature versus nurture
Central America is populated by a variety of races and racial mixtures. Mayan Indians dominate in the highlands of Guatemala; Ladinos (Spanish-Indian mixtures who have abandoned Indian language and customs) predominate in eastern Guatemala and in much of Honduras, El Salvador, and Nicaragua; and African populations, the so-called black Caribs as well as descendants of migrants from the West Indies who came to work in the banana plantations, live along the Atlantic coast and on its islands and in Panama. In the large cities, the upper-income groups are primarily of Spanish and other European origin; the remainder are Ladinos. The great majority of the population of Costa Rica lives in the central plateau and is primarily of Spanish origin, with a few indigenous and African groups along the coastal regions.
The question of what relative importance to give to racial ancestry and to the nutrition-infection complex as causes for the differences in attained growth among Central American populations has been of interest to INCAP through its history. A related question is what to make of differences with respect to international reference data, derived from studies of children largely of northern European ancestry. An obvious approach would be to compare the growth of well-nourished children of the various racial groups among themselves and with the reference population. However, the problem of studying certain groups, such as the Mayan people of Guatemala, was and still is that "it is difficult to find well-nourished indigenous populations" [42] . But evidence soon accumulated in other ways.
As reviewed above, INCAP studies demonstrated that poor diets and infection were related to poor growth and that nutrition interventions improved growth. Data on secular trends in growth among certain groups in Central America and elsewhere indicated that achieved growth status was related to economic conditions during early childhood and was not an immutable characteristic of the population [43, 44] . Also, analyses of INCAP's work, as well as of work carried out elsewhere in the world, showed that social class was a more powerful explanatory factor than race or ancestry in explaining anthropometric differences between groups of preschool children [43, 45] .
In a widely quoted article that appeared in the Lancet, Habicht et al. [45] stated: represent optimal preschool growth can be drawn from already published studies of well-to-do children, regardless of race or ethnicity, because any racial or ethnic effect on mean preschool growth is small compared to environmental effects."
The relative contribution of genetics and environment to variability in height within a population, such as that of the four villages in the INCAP Oriente Longitudinal Study, remains unclear. Parent-child correlations in height, contrary to expectations, were similar in Guatemala to those in industrialized countries where there is presumably little or no malnutrition [46] . The expectations had been that environmental forces, with their effects on growth so manifest, would have overwhelmed these relationships and led to lower correlations.
It is of course possible that parent-child correlations in Guatemala reflect genetic as well as nutritional relationships, the latter mediated through a myriad of mechanisms linking growth retardation of the parents during early childhood with adult function and competence in several areas, which in turn can affect the household economy and the growth of children.
Consequences of smallness
The functional correlates of growth retardation, as well as the consequences of small size in adults, have been of interest to INCAP [44] . The work can be divided into studies of the correlates of birthweight and growth in early childhood and those on the consequences of small stature in the adult.
That survival is closely linked to newborn weight is well documented in the cohort study of Santa María Cauqué [1] . Only one death occurred within the first year of life among 44 infants weighing more than 3,000 g at birth (1/44; infant mortality rate [IMR], 23/1,000); more deaths occurred among infants weighing 3,000 to 2,000 g (22/353; IMR, 62/1,000), but the greatest relative number of deaths was among those weighing less than 2,000 g (19/33; IMR, 576/1,000). Prematurity was a high risk factor for mortality (IMR, 516/1,000) but death was common among IUGR infants as well (IMR, 84/1,000). This study also showed that achieved size at 6 years clearly differed according to birthweight; the difference between children born at term with high birthweight (> 3,000 g) and those who had IUGR or were born at term with LBW (< 2,500 g) was more than 2 cm in length and more than 2 kg in weight [1] .
The INCAP Oriente Longitudinal Study also contributed to clarifying the importance of birthweight for subsequent development. Energy supplementation of pregnant mothers reduced infant mortality, possibly mediated through increased birthweight [47] . Birthweight was also related to psychomotor performance at 6 months of age, defined in terms of both mental and motor components [48] ; this relationship was evident along the range of birthweight and not just limited to LBW infants. However, associations between birthweight and psychomotor performance could no longer be detected at 15 months, although relationships between psychomotor performance at 15 months and length and weight at 15 months were significant [49] .
Infants with IUGR (i.e., those at or below the 10th percentile of weight-for-gestational-age) who also had an adequate ponderal index at birth ("symmetric") had lower performance scores on psychometric tests at 36 months of age than those with IUGR and low ponderal index ("asymmetric"), and even lower scores than those who were not growth retarded in utero [50] . The ponderal index may distinguish between chronic stress throughout pregnancy ("symmetric") and stress that is brief in duration and occurs late in pregnancy ("asymmetric"), a time when rapid weight accrual is expected in the fetus.
A paper with a provocative title, "Is big smart? The relation of growth to cognition, " examined the relationship between postnatal growth and psychological test performance in the INCAP Oriente Longitudinal Study [51] . Its findings were that both anthropometry and social measures predicted performance in language, memory, and perception, with the relationships being equal or stronger for anthropometry. The combined explanatory power of both anthropometry and social measures was less than the sum of their independent contributions, suggesting that some was shared variance. The portion of the variance explained by both anthropometry and social measures that was contributed uniquely by anthropometry was about 25% for language, more than 50% for memory, and about 85% for perception. Thus, even after adjustment for social measures, growth retardation remained associated with poor performance.
As reviewed earlier, small maternal size is an important predictor of LBW [1] . Studies of pregnancy histories of women from coffee plantations near the town of Patulul in Guatemala further illustrate the importance of short maternal stature for child health. The mortality rate among children of the shortest one-third of mothers (< 140.2 cm) was 205/1,000, as compared with 101/1,000 among children of the tallest one-third of mothers (> 144.8 cm). Shorter women compensated for the greater mortality rates in their children by becoming pregnant more often but still ended up with fewer surviving children at 5 years than taller women [52] .
The Follow-Up Study (1988-89) has permitted examination of the repercussions of growth failure during early childhood on adult size. Subjects born at term but with LBW were shorter by about 5 cm and lighter by about 5 kg as adults than subjects born at term but with a birthweight of at least 3,000 g [53] . Those who were small at 3 years of age became small adults in all physical dimensions, including height, weight, head circumference, skeletal frame diameters, muscle circumferences, and lean body mass [25, 35] . For example, the cutoff point of less than 149 cm is often used to identify women at high risk for obstetrical purposes, both because such mothers often deliver LBW babies and because of the increased risk of delivery complications in women with small pelvises. Among women who were severely growth-retarded at 3 years of age (i.e., with lengths that are 3 SD or more below the reference mean), the percentage who were short adults was 65%, compared with 31% among those moderately retarded (i.e., with lengths 3 to 2 SD below the reference) and 4% among those least growthretarded (i.e., with lengths greater than 2 SD below the reference) in analyses restricted to women older than 18 years [35] . The extreme groups of women differed by 5.4 kg in fat-free mass.
Similar analyses in men reveal that growth retardation in early childhood leads to small body size and reduced work capacity. These effects probably limit productivity and earnings, because typical livelihoods demand substantial physical effort [54] . Smallness at 3 years, particularly in males, has also been shown to predict poor school achievement and reduced intellectual performance in analyses that control for maternal schooling and family SES [25, 35] .
There was also a relationship between growth retardation at 3 years of age and body composition in adulthood [55] . Childhood stunting was associated with a lower body mass index and percent body fat in men, whereas no associations were found in women. In both sexes, however, severely stunted children had greater abdominal fatness (waist/hip ratio). This suggests that childhood malnutrition may increase the risk of abdominal obesity in adulthood.
Bone growth and maturation
X-rays of the hand and wrist were taken routinely at INCAP during the 1950s, 1960s, and 1970s as part of the battery of anthropometric and biochemical data collected in nutrition surveys or longitudinal studies. INCAP took more than 4,000 x-rays in children in its first 5 years of research [56] . X-rays were also obtained in the 1965 INCAP Central American survey [57], the Nutrition and Infection Field Study [28] , the Santa María Cauqué Study [1] , the INCAP Oriente Longitudinal Study [58] , and its Follow-Up Study [59] .
A number of publications showed that Central American children were delayed in skeletal maturation when compared with children from the United States or Europe [28, 56, 58, [60] [61] [62] . These investigations used the methods of Greulich and Pyle [63] and Tanner et al. [64] , as well as the simpler procedure of counting the number of visibly ossified centers (NOCs) that appeared on the x-ray plate. The NOCs method picked up most of the information provided by the other two more detailed but more cumbersome methods, and less time was required to read the x-ray and standardize the method with NOCs than with the other techniques [65] . However, if skeletal age had not been so clearly delayed in the children, the conventional methods would have been more appropriate.
Pérez [56] and later authors recognized that the delay in skeletal age became discernible in the second year of life and that it continued to increase into the third or fourth year of life, with little change thereafter. A study using the Greulich and Pyle method [63] reported that, in Mayan children, the degree of skeletal retardation at age four was about 2 years and this difference continued unchanged until age 15, the oldest group included in the survey [56] . Delays in skeletal age occurred primarily in the first 3 years of life, and these effects coincided with the period of greatest dietary deficiencies, the highest incidence of gastrointestinal and respiratory infections, and the greatest extent of growth failure" [58] .
Numerous publications also demonstrated that children from Central America have reduced cortical thicknesses of the second metacarpal [16, 61, [66] [67] [68] . Cortical thicknesses of Ladino children from the INCAP Oriente Longitudinal Study were much reduced at 1 year of age compared with US children; the differences increased slightly with age and were at their maximum at 60 months in boys and 36 months in girls and appeared to be somewhat greater in boys than girls [69] . In these same Ladino communities, cortical thicknesses were reduced in children with low weightfor-height ratios [68] . Ladino children had relatively expanded medullary diameters for their periosteal diameters and, consequently, absolutely thinner cortices and smaller cross-sectional areas of cortex [67] . These cortical dimensions were reduced compared with those in US children, even after adjustment for the smaller body size of the Ladino children [67] .
INCAP research showed that nutritional interventions to improve the diets of mothers and children lead to enhanced bone growth, maturation, and mineralization. The results from the INCAP Three-Village Study suggested that NOCs were increased in children in the village receiving supplementary feeding as compared with those in the village receiving medical care or those in the control village [70, 71] . Similar findings were reported in the INCAP Oriente Longitudinal Study [62] . However, in this second study, supplementation had a greater impact on length and weight than it did on NOCs. The authors interpreted this finding as an indication that malnutrition, by affecting maturation to a lesser extent than growth in body size, in effect limits the possibility of catch-up growth, as proposed earlier in a paper entitled "Childhood retardation resulting in reduction of adult size due to a lesser adolescent skeletal delay" [72] .
Supplementation was also reported to improve cortical thickness in the INCAP Three-Village Study [71] . An effect of food supplementation of the mother during pregnancy and lactation on cortical thickness in the child at 3 months of age was also demonstrated in the INCAP Oriente Longitudinal Study [73] . The effects were more pronounced at the endosteal surface and remained statistically significant after controlling for known determinants of cortical bone growth (e.g., sex and body size). The Follow-Up Study included bone mineralization assessments of the distal radius using single photon absorption measurement. The analysis of these data showed that consumption of supplement during childhood was associated with greater bone mineral content, bone width, and bone mineral density during adolescence [74] . However, the relationship disappeared after controlling for weight and stature, suggesting that the effects on bone mineralization were probably not beyond those due to improvements in overall somatic growth associated with supplementation [74] . The effects of supplementation during childhood on skeletal maturity could not be determined with certainty in the Follow-Up Study because of the older ages at which the subjects were examined during adolescence [59] .
The above studies were conducted in communities among children not suffering from severe malnutrition. A comparison between severely malnourished children (kwashiorkor) and non-severely malnourished children from the Three-Village Study showed that children with kwashiorkor had similar NOCs but markedly less compact bone. During rehabilitation from kwashiorkor, changes in compact bone were immediate and large, but the NOCs tended to respond less rapidly to treatment [75, 76] .
The availability of x-ray data allowed investigators to explore a range of additional issues. For example, a note in the Journal of Forensic Sciences demonstrated that the length of the second metacarpal was a good predictor of stature in young children, in fact, as good a predictor as the length of the long bones [77] . There has also been some interest in "Harris lines, " which are evidence of increased calcification during times of arrested growth [58, 61] . In a cross-sectional study of radiographs from Ladino children, the prevalence of Harris lines in the distal 5 cm of the radius rose rapidly until about 3 years of age [60] . Significantly, the authors reported that children with the lines were shorter than those without them.
dental studies
Some dental research carried out by INCAP included surveys of dental eruption and caries. Contrary to the observation of marked delays in skeletal age in Central American children, eruption of the deciduous dentition appeared to be largely unaffected by poor nutrition [78, 79] . Longitudinal data on eruption of deciduous teeth in the villages of the INCAP Oriente Longitudinal Study showed that the number of teeth erupted was associated with maternal consumption of supplement, birthweight, and weight in infancy [79] . Although consistent, the effect of nutritional variables on eruption was small and was not viewed as an invalidation of the recommendation to use dental eruption data to estimate age where data on age are not available.
The influence of diet on caries was evident from work carried out in the 1950s that contrasted the high prevalence of dental caries in schoolchildren in Turrialba, Costa Rica [80] , with the relatively low occurrence of caries in five villages near Antigua, Guatemala [81] . The diet in Costa Rica had a higher percentage of calories from refined carbohydrates, including brown sugar, than the rural Guatemalan diet, which was high in crude fiber and low in refined carbohydrates.
A survey of dental caries in children 0.5 to 7 years of age and in 12-year-olds in the four villages of the INCAP Oriente Longitudinal Study was carried out in 1973 [82] . The prevalence of caries was found to be twice as great as that among US white children for the deciduous dentition but similar to that of US white children for the permanent dentition. Also, until 4 years of age, caries were particularly common in the anterior segment. Why was the prevalence of caries greater in the deciduous dentition, particularly in the anterior segment? The explanation may be found in the higher prevalence of enamel hypoplasia, a defect reported to be common in areas with high prevalence rates of malnutrition and infection.
According to Infante and Gillespie [83] , "the eruption of these defective teeth into the oral cavity is usually followed by a highly invasive caries attack." The prevalence of enamel hypoplasia was 73% in Guatemalan children recovering from severe proteinenergy malnutrition [84] and was significantly greater among Guatemalan children for whom infections were reported during the first 3 months life compared to those without infections. [85] . The lesion occurred in nearly 30% of children in the INCAP Oriente Longitudinal Study [83, 86] .
Menarche
Age at first menstruation, or menarche, is one of the key milestones of puberty, and in Guatemala as elsewhere, socioeconomic status (SES) has been shown to be one of its important determinants.
Menarche occurred at about 13 years in girls of higher SES, compared with 14.5 years among those of lower SES [87] . Information is available from two other samples of low-SES girls. In indigenous girls from coffee plantations near the town of Patulul, the mean age at menarche was 14.8 years [88] , and the corresponding value in Ladino girls from the INCAP Oriente Longitudinal Study was 13.7 years [89] . In the latter study, it was found that the age at menarche had declined by 0.7 years over a 15-year period and that menarche occurred earlier in girls from households of higher SES; however, age at menarche did not differ between girls who had received a high-protein-energy supplement in early childhood and those who had received a low-energy supplement [89] .
Growth retardation at 3 years of age had a weak relationship with age at menarche [90] . Girls were grouped into three categories of stunting based on their length-for-age z-scores (mild, > −2.0; moderate, −2.0 to −3.0; and severe, < −3.0 SD relative to the WHO/NCHS reference). The group that was severely stunted in childhood reached menarche at 14.0 years, significantly later than those who had moderate or mild degrees of growth retardation (13.7 and 13.5 years, respectively). Also, later menarche was associated with reduced average energy intake from the home diet during the first 3 years of life and with a greater percentage of days ill with diarrhea during the same period [90] .
The relationship between age at menarche and age of first union or marriage was investigated in indigenous girls from the Patulul study [91] . Those who matured early were found to marry earlier in this population, where girls generally marry at a very young age. For example, among girls 14 to 19 years of age, 68% of those who had not reached menarche were in unions or married, compared with 83% of those who had reached menarche. These findings suggest that menarche has considerable social and demographic importance in traditional rural societies.
Applied contributions
Through its research in the area of physical growth and maturation, INCAP has also contributed significantly to the development of methods for training and assessment of anthropometry and has facilitated and popularized the use of anthropometry in public health work.
Reference data
In response to a need for reference curves with which to evaluate the anthropometric data collected in clinics and surveys throughout the region, INCAP initially used the data upon which the Iowa Growth Standards were based, and soon showed that upper-income children throughout Central America met or exceeded these standards. Since the Iowa Growth Standards were based on a large random sample, they would have included all socioeconomic groups in the State of Iowa. With this reassurance, INCAP produced and distributed growth charts in the early 1950s based on these data labeled "For Use in Central America and Panama," with wide distribution in the region and throughout Latin America. This simple step made the use of reference data from the United States acceptable at a time when INCAP researchers were still sorting out the "nature versus nurture" issue in evaluating anthropometric data (see "Nature versus Nurture, " above).
Anthropometric standardization and measurement
The studies of growth and development undertaken by INCAP were valuable for training investigators and served as models for many in other areas of the world. Many visitors from around the world came to INCAP. Although this was unintended, the two-volume Operations Manual of the INCAP Division of Human Development became known and used throughout the world [92] .
INCAP investigators, when faced with requests about methodology, found it convenient to send copies of the relevant portions of the Manual. The publication of information about field procedures and data reliability also helped diffuse these contributions [93, 94] . An important contribution was that of Habicht [95] , who proposed criteria for deciding when a team of anthropometrists, or any such group measuring any dimension, was doing so with sufficient accuracy and reliability to be deemed trained. Accuracy is judged by the supervisor, and reliability is determined by the investigators' own repeated measurements. Habicht, Yarbrough and Martorell reviewed the properties of anthropometric indicators for assessing nutritional status, including discussion of variance components and the usefulness of indicators for applications to individuals and populations [93] .
height census data
One of Victor Valverde's * legacies was to demonstrate the value of height measurements in first-grade students for planning and policy purposes [96] . Using data from the first height census of Costa Rica in 1979, Valverde et al. [97] showed that the prevalence of growth retardation at the county (cantón) level was strongly related to literacy rates, quality of housing, and the availability of toilets and piped water in the home. The 10 counties with the highest prevalence rates of growth retardation were compared with those with the lowest prevalence rates in terms of these social indicators.
The contrast proved so revealing that the President at that time, Rodrigo Carazo, upon reviewing the data, issued an order declaring the 10 counties with the worst anthropometric findings as priority areas under a social development and family assistance program entitled the Fondo de Desarrollo Social y Asignaciones Familiares. Valverde and colleagues provided technical assistance to governments for training teachers in the measurement of children and collecting socioeconomic data, as well as in its use in surveillance and planning. This established the "height census" approach as a valuable and low-cost tool in nutritional surveillance. By the mid-1980s, most Central American countries had carried out and analyzed surveys in schools [98] , and the practice has continued.
Risk, benefit, and screening indicators
The experience accumulated in studies of maternal nutrition and birthweight led to recommendations for anthropometric indicators predictive of the risk of delivering a LBW baby. The earlier work of researchers in the INCAP Division of Human Development had established that the impact of supplementation was greatest in women of low SES and in women with short stature and small head circumference, suggesting the possibility that nutrition interventions could be targeted to the neediest women to increase cost-effectiveness [10] . A combination of indicators, arm circumference either with uterine height or with weight-for-height, as risk indicators of LBW in developing-country settings was proposed [99] . Calf circumference (< 30.4 cm) was found to be a better predictor of IUGR than arm circumference or biceps or triceps skinfolds; this measure was used to select women for a randomized, double-blind trial that established that supplementation of women with poor nutritional status results in greater ingestion of breastmilk by children [100] .
Length at 3 and 6 months of age proved to be better than weight for identifying children at risk for becoming stunted by 3 years of age [38] . Ruel et al. [38] noted that weight-for-age is commonly used in screening for at-risk children, a practice that results in many needy children being missed. Instead, they proposed the use of length to increase the potential impact of nutrition interventions aimed at at-risk children. Ruel et al. noted that the use of indicators of risk to improve screening for nutrition interventions might not actually predict a greater response to interventions [38, 101] . Using data from the INCAP Oriente Longitudinal Study, they found that the best indicators for risk of poor growth were not the best predictors of response to food supplementation among children. Only indicators of thinness at 3 and 6 months of age predicted greater benefit from supplementation [101] .
Methods
INCAP produced a number of notable methodologic contributions. Yarbrough et al. [65] , as mentioned earlier, showed that counting the number of visibly ossified centers (NOCs) was an equally good and much more rapid method for assessing skeletal age in preschool children than more cumbersome and timeconsuming techniques.
Methods for inferring trends over time from crosssectional height and head circumference data on adults were proposed by Ruel et al. [102] . For height, the approach corrects for the effect of aging on height (i.e., age-associated loss of height). On the basis of these adjusted, cross-sectional data, adult stature did not change between 1905 and 1959 in the four villages of the INCAP Oriente Longitudinal Study [102] .
The researchers of the Follow-Up Study [103] had a particular interest in body composition (i.e., fat-free mass, percent body fat) of men and women, but the formulas available in the literature for estimations were largely based on samples of much taller and heavier young people from the United States and other industrialized countries. Consequently, a study was carried out in which body density was assessed using underwater weighing in Guatemalan adolescents and young adults. From these data, predictive equations were derived from anthropometric measurements [103] . These more appropriate predictive equations are likely to be useful to researchers in Latin America as well.
Summary and discussion
Much has been learned about the growth and development of Central American children and about the relevance of information from a half-century of INCAP research to children worldwide. In this final section, the main contributions to knowledge are summarized and the implications of these contributions for policy and programs are considered.
INCAP's research has documented that, in poor societies, life begins in a uterine environment constrained by malnutrition and infection and that these influences can be traced to factors operating during the mother's formative and developing years, during her adult years, and also during pregnancy itself. Thus, the typical newborn in poor areas of Central America comes into the world considerably handicapped. Although as many as one in five newborns is severely retarded and labeled as intrauterine growth-retarded (IUGR), nearly the entire population is affected to some degree.
After birth, the nourishment and protection provided by breastmilk generally allows for a few months of very good health, reflected in the cherubic physiques of young infants from even very poor households. But soon, ingestion of fecal matter in foods and liquids, which is difficult to avoid in households without toilets, water, or soap, results in infections. Diarrheal and respiratory illnesses become common alongside the common communicable diseases of childhood, and nutrient intakes become deficient because of illnessinduced anorexia, metabolic nutrient loss, and the poor quality of the foods served to children. Health can no longer be maintained. In spite of continued breastfeeding, growth becomes retarded, and by the time children are 3 years old, nearly all of them have lengths and weights below the third percentile of the reference curves for well-nourished children. Skeletal maturation is delayed significantly, but to a lesser extent than length. Bones are short and their outer mineral shells are thin. Although teeth erupt without much apparent delay, the risk of caries is increased because of enamel defects. After 3 years of age, the typical child grows at the same rate as children in well-off populations, but the period of growth until maturity is achieved is extended by 1 to 2 years. This permits the recovery of only a small fraction of the massive growth failure of early childhood.
The catastrophic growth failure of early childhood predicts numerous functional abnormalities and consequences in the young child, such as poor immune competence, increased mortality risk, and impaired motor and mental development. Growth failure marks, therefore, a syndrome of deprivation and dysfunction. Even after controlling for household SES and maternal education, growth failure continues to be associated with diminished intellectual capacity in the young child.
The consequences of impaired growth and development during early childhood linger throughout life and significantly limit the quality of life of individuals and the society's productive potential. In women, small body size constrains the growth of the fetus and places the mother at risk for complications of delivery. Small body size also results in workers with reduced work capacity, which may lead to decreased earnings. In adults as in children, stunting, the stigma of having failed to grow, predicts intellectual performance; for example, stunting predicts how far individuals get in school and how much they learn. The sequelae of past malnutrition are passed on to the next generation through IUGR as well as more generally through the influence on household income and child care.
INCAP's research, while identifying the tragic reality of a vicious circle of impairment linking generations, at the same time provides the certainty that the cycle can be broken. The labor of five decades has served to unequivocally identify the period of pregnancy and the first 3 years of age as critical stages in a child's life, when nutrition and health interventions are not only highly needed but also highly effective.
This elucidation of critical times in physical growth and development has many programmatic implications.
For example, growth monitoring programs should give priority to very young children, the very ones that such programs often miss. Nutrition interventions, no matter whether educational, food-based, or of another nature, should be designed with the express objective of improving the diets of mothers and the feeding practices of young children. Small children are not small copies of adults but have special needs, and for programs to succeed, interventions must be specifically tailored for them. Although one could list additional contributions to program design, the basic message of the mother-child dyad as the primary target group of public health programs aimed at preventing malnutrition is fundamental. If the enormous resources devoted to programs against malnutrition in Latin America [104] were to be effectively reoriented to mothers and young children, the benefit to society would be great. If, in addition, priorities in governmental spending were to favor social and economic development, the benefit would be vast.
In short, INCAP can be credited with the following fundamental contributions to knowledge about growth and development of the malnourished child: » Characterization of growth failure and maturational delays as mainly occurring during intrauterine life and the first 3 years of life. » Clarification of the role of small maternal size and of inadequate dietary intakes during pregnancy as major causes of IUGR; » Evidence that diarrheal diseases and poor dietary intakes, problems intimately associated with the process of weaning, are the principal causes of growth failure in early childhood; » Demonstration that environmental factors related to poverty, and not genetic or racial ancestry, account for most of the differences in growth between populations; » Evidence that growth failure predicts functional impairment in the child (e.g., increased mortality and delayed motor and mental development) as well as in the adult (e.g., reduced reproductive and intellectual performance and diminished work capacity); » Demonstration that nutrition interventions are effective in preventing growth failure and its consequences, if targeted to needy women and young children.
These contributions to knowledge are important for advocacy. Publicity about missed opportunities from inattention to the needs of women and children, for example, should assist in motivating governments to invest in programs aimed at these vulnerable groups. Also, the body of work offers practical lessons for the design of such interventions that should make them more cost-effective.
As INCAP moves into a new century and as the economic situation of its member countries hopefully improves, the institution will need to modify its agenda to contribute to a new mix of issues. For example, there is now a need for research on the prevention of obesity, hypertension, and related chronic diseases, problems of increasing concern in parts of Central America and Panama. Nutritional issues in the urban setting also deserve considerable study and require effective policies and programs. Unfortunately, the problems of malnutrition, infection, and growth failure will remain for some time to come. Attention to deserving issues, such as the design and testing of cost-effective interventions for promoting child health and for preventing growth failure, must continue.
